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SummaryIL22 promotes epithelial proliferation and mucosal repair. This is generally thought to reflect expansion of Lgr5^+^ crypt base columnar intestinal stem cell populations. This study shows that IL22 depletes Lgr5^+^ intestinal stem cells and promotes mucosal healing by enhancing proliferation of transit-amplifying cells.

The intestinal epithelial barrier is essential for health. Both homeostatic maintenance and repair of this barrier rely on asymmetric division of intestinal stem cells (ISCs) to yield a stem cell and a transit-amplifying cell. The latter continues to proliferate while migrating out of the crypt, differentiates, and ultimately undergoes programmed cell death. These processes are regulated by intrinsic and extrinsic factors,[@bib1], [@bib2], [@bib3] including signals elaborated by immune cells. However, the mechanisms that govern ISC and transit-amplifying cell expansion in response to tissue injury and immune activation remain poorly understood.

In recent years interleukin 22 (IL22), a member of the IL10 family, has gained recognition as a driver of disease in rheumatoid arthritis and psoriasis.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8] Although IL22 can also be pathogenic in some forms of enteric disease,[@bib9], [@bib10], [@bib11], [@bib12] it is more frequently beneficial and has been shown to promote epithelial proliferation, tissue regeneration, mucosal defense, and resolution of inflammation in immune-mediated and infectious intestinal disorders.[@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18] In infectious enterocolitis, beneficial effects of IL22 include up-regulation of the tight junction protein claudin-2, which enhances paracellular water and Na^+^ flux to promote pathogen clearance.[@bib13] In most other contexts, the mechanisms by which IL22 regulates intestinal disease as well as the specific effects of IL22 on ISC and transit-amplifying cell function remain incompletely defined.

Here we sought to determine the impact of IL22 on ISC and transit-amplifying cell function in vitro and in vivo. IL22 increased the size of small intestinal enteroids in a claudin-2--dependent manner, indicating that claudin-2--mediated paracellular water flux is required for IL22-induced enteroid expansion. Transit-amplifying cell proliferation was also enhanced by IL22. Despite increases in enteroid size and epithelial proliferation, IL22 reduced enteroid number by a claudin-2--independent mechanism. Diminished enteroid survival was due to loss of Lgr5^+^ ISC that resulted from inhibition of wnt and notch signaling. These disparate effects on transit-amplifying and stem cells may explain the alternatively beneficial and harmful, respectively, impact of IL22 signaling in mucosal disease.

Results {#sec1}
=======

Interleukin 22 Augments Size But Reduces Survival of Freshly Derived Enteroids {#sec1.1}
------------------------------------------------------------------------------

Previous studies suggest that IL22 released by pericryptal group 3 innate lymphoid cells promotes ISC regeneration.[@bib19], [@bib20], [@bib21] To better characterize this process, mouse jejunal crypts were isolated and cultured with recombinant IL22 ([Figure 1](#fig1){ref-type="fig"}*A*). Consistent with published work,[@bib20] supplementation of epidermal growth factor, noggin, R-spondin (ENR) media with IL22 increased enteroid cross-sectional area ([Figure 1](#fig1){ref-type="fig"}*B*). A recent study has demonstrated that this also occurs in ileal-derived enteroids.[@bib21] This dose-dependent effect of IL22 was maximal at 5 ng/mL IL22, consistent with prior results,[@bib20] and caused enteroid area to expand to 337% ± 42% of untreated controls (*P* = .001).Figure 1**IL22 increases size, but reduces numbers, of jejunal- and ileal-derived enteroids.** (*A*) Bright-field images of freshly derived jejunal enteroids cultured in ENR supplemented with a range of IL22 concentrations (0.03, 0.1, 0.3, 1, and 5 ng/mL; PeproTech) for 3 days. Images are representative of more than 5 independent experiments. Bar, 100 μm. (*B*) Quantification of jejunal enteroid cross-sectional area after culture for 3 days. Each point indicates the mean area of 20--30 enteroids in a single well. n = 7--10 in this experiment, which is representative of more than 5 independent experiments. \*\**P* \< .01. (*C*) Quantification of jejunal enteroid number after 3 days of culture in ENR with IL22. Each point indicates the number of enteroids in a single well. n = 4 in this experiment, which is representative of more than 3 independent experiments. \*\**P* \< .01. (*D*) Enteroids after being passaged once in ENR without or with IL22 (5 ng/mL, PeproTech). Bright-field images were taken 1 day after passaging. Bar, 200 μm. (*E*) Quantification of enteroid survival and expansion during serial passaging without or with IL22 (PeproTech). Each point indicates the mean number of enteroids from 4 wells. Data are representative of 3 independent experiments. \*\**P* \< .01. (*F* and *G*) Quantification of cross-sectional area and number of jejunal enteroids cultured for 1 or 3 days with IL22 from different commercial sources (1 ng/mL). *Blue symbols* indicate enteroids cultured without IL22. Sources of IL22, from left to right, were GenScript Z03350, GenScript Z02197, R&D 582ML-010, R&D 582ML-010/CF, and PeproTech 201-22 (*gold symbols*). Each point indicates enteroid area (n = 6--25) or total number of enteroids in a single well (n = 3). Data are representative of 3 independent experiments. \**P* \< .05, \*\**P* \< .01. (*H*) Ileal enteroids were cultured in ENR without or with IL22 (5 ng/mL, PeproTech) for 1 day. Bar, 200 μm. (*I*) Quantification of ileal enteroid cross-sectional area (n = 15) and number (n = 7) after culture for 3 days with IL22 (1 ng/mL, PeproTech). Data are representative of 3 independent experiments. \**P* \< .05, \*\**P* \< .01.

In contrast to increased size, IL22 markedly reduced enteroid numbers ([Figure 1](#fig1){ref-type="fig"}*C*). This effect of IL22 on enteroid numbers could be detected at IL22 doses as low as 0.1 ng/mL. At higher concentrations, IL22 reduced enteroid numbers by as much as 64% ± 2% (*P* = .004, [Figure 1](#fig1){ref-type="fig"}*C*). The negative effect of IL22 on enteroid numbers was even more dramatic when IL22-treated enteroids were passaged. Numbers of enteroids were dramatically decreased after 1 passage in IL22-containing media, and almost no enteroids survived the second passage in IL22-containing media ([Figure 1](#fig1){ref-type="fig"}*D* and *E*). These data indicate that despite increasing size, IL22 limits enteroid survival.

The data above are consistent with previous work showing that IL22 increases enteroid size but reduces survival after passaging.[@bib20] However, previous work only detected a modest effect on survival, even at 10 ng/mL IL22. We therefore considered the possibility that our commercial source of IL22 (PeproTech, Rocky Hill, NJ) contained contaminants that limited stem cell survival relative to the IL22 used in the previous study (GenScript, Nanjing, China). To test this hypothesis, PeproTech IL22 was compared with 4 other commercial IL22 preparations. All tested preparations significantly increased enteroid size but reduced numbers of surviving enteroids ([Figure 1](#fig1){ref-type="fig"}*F* and *G*). Moreover, the dose-dependent effects of IL22 from all sources were quantitatively similar in terms of effects and enteroid size and survival ([Figure 1](#fig1){ref-type="fig"} *F* and *G*). These data exclude differences in potency as an explanation for the divergence between our results and previous work. Because 5 different IL22 preparations from 3 different suppliers are unlikely to contain similar contaminants, these data also indicate that the observed reductions in enteroid survival are mediated by IL22. To determine whether these IL22 effects were specific to jejunum, ileal crypts were isolated, cultured as enteroids, and treated with IL22 at various concentrations ([Figure 1](#fig1){ref-type="fig"}*H* and *I*). Results were similar to those in jejunal-derived enteroids, indicating that IL22 effects on enteroid size and survival are not region specific.

Interleukin 22 Effects on Size Require Claudin-2 Expression But Are Mechanistically Unrelated to Enteroid Survival {#sec1.2}
------------------------------------------------------------------------------------------------------------------

We have recently shown that IL22 potently induces expression of the tight junction protein claudin-2 within intestinal epithelial cells.[@bib13] Claudin-2 forms paracellular channels that enhance flux of Na^+^ and water.[@bib22], [@bib23], [@bib24] We therefore asked whether increases in volume induced by IL22 might reflect claudin-2--dependent increases in paracellular flux of cations and water into the enteroid lumen ([Figure 2](#fig2){ref-type="fig"}*A*). Treatment with either a nonselective Jak inhibitor or a specific Stat3 inhibitor prevented *Cldn2* transcriptional activation ([Figure 2](#fig2){ref-type="fig"}*A*). Morphologic examination showed that Jak or Stat3 inhibition also prevented increases in enteroid size ([Figure 2](#fig2){ref-type="fig"}*B* and *C*) and improved enteroid survival ([Figure 2](#fig2){ref-type="fig"}*C*). These data suggest that claudin-2 up-regulation may be required for IL22-induced effects on enteroid size. However, these pharmacologic inhibitors are not specific for claudin-2 because they block many components of IL22 signaling.Figure 2**IL22-induced increases in enteroid size require claudin-2 up-regulation.** (*A*) *Cldn2* mRNA expression in jejunal enteroids cultured in ENR without or with IL22 (1 ng/mL, Peprotech), JAK inhibitor (JAK inhibitor I, 0.5 μmol/L), or STAT3 inhibitor (stattic, 5 μmol/L) for 3 days. n = 5 in this representative experiment. (*B* and *C*) Bright-field images, cross-sectional area (n = 12--20), and number (n = 6) of jejunal enteroids after culture for 3 days with IL22 (1 ng/mL, PeproTech), JAK inhibitor I, or stattic. Bar, 100 μm. \**P* \< .05, \*\**P* \< .01. (*D*) Bright-field images of jejunal enteroids from wild-type (WT), claudin-2 knockout (Cldn2 KO), and claudin-2 transgenic (Vil-Cldn2 Tg) mice cultured in ENR without or with IL22 (1 ng/mL, PeproTech) for 3 days. Bar, 200 μm. Images are representative of 3 independent experiments. (*E* and *F*) Cross-sectional area (n = 16--90) and number (n = 10) of jejunal enteroids derived from wild-type (WT), claudin-2 knockout (Cldn2 KO), and claudin-2 transgenic (Vil-Cldn2 Tg) mice after 3 days of culture with indicated IL22 concentrations. Data are representative of 3 independent experiments. \*\**P* \< .01. (*G*) Morphologic analysis of EdU (*red*) incorporation into enteroids derived from wild-type (WT), claudin-2 knockout (Cldn2 KO), and claudin-2 transgenic (Vil-Cldn2 Tg) mice during 2-hour EdU pulse after 3 days of culture without or with IL22 (5 ng/mL). Bar, 100 μm. Representative data are shown.

To overcome the limitations of pharmacologic inhibitors, we isolated enteroids from wild-type, claudin-2 transgenic, and claudin-2 knockout mice. The size of enteroids derived from wild-type and claudin-2 transgenic mice was similarly increased by IL22, but IL22 did not increase the size of claudin-2 knockout enteroids ([Figure 2](#fig2){ref-type="fig"}*D* and *E*). In contrast, IL22 caused similar reductions in numbers of wild-type, claudin-2 knockout, and claudin-2 transgenic enteroids ([Figure 2](#fig2){ref-type="fig"}*F*). Thus, IL22-induced effects on size, but not survival, require claudin-2 expression. These data suggest that IL22-induced increases in enteroid size are due to claudin-2--dependent paracellular water and cation flux and the resulting accumulation of luminal fluid. Moreover, IL22-induced increases in epithelial proliferation were similar in wild-type, claudin-2 knockout, and claudin-2 transgenic enteroids ([Figure 2](#fig2){ref-type="fig"}*G*). Thus, despite some controversy in the literature, these in vitro data confirm previous in vivo analyses of our claudin-2 transgenic mice and claudin-2 knockout mice that failed to show any perturbation of epithelial proliferation or turnover.[@bib13], [@bib25], [@bib26]

Interleukin 22 Induces Epithelial Apoptosis In Vitro {#sec1.3}
----------------------------------------------------

To better define the mechanisms by which IL22 reduced enteroid numbers, we initially assessed the morphologic changes induced by IL22. Most enteroids were viable after IL22 treatment, but we did note peripheral granulated cells. These cells took up propidium iodide, consistent with cell death ([Figure 3](#fig3){ref-type="fig"}*A*). Moreover, caspase 3/7 activation was significantly increased by IL22 treatment ([Figure 3](#fig3){ref-type="fig"}*B*). IL22 treatment therefore induces epithelial apoptosis in vitro.Figure 3**IL22 promotes cell death.** (*A*) Merged bright-field and fluorescent images and flow cytometric analysis of enteroids cultured in ENR without or with IL22 (5 ng/mL, PeproTech) for 3 days and stained with propidium iodide (*red* in images). Histograms of flow cytometry data from enteroids cultured without (*blue*) or with (*black*) IL22. Fractions of cells within the window are indicated. Data are representative of 3 separate analyses. Bar, 100 μm. \*\**P* \< .01. (*B*) Merged bright-field and fluorescent images and flow cytometric analysis of enteroids cultured in ENR without or with IL22 (5 ng/mL, PeproTech) for 3 days and labeled for caspase 3/7 activation (*green* in images). Histograms of flow cytometry data from enteroids cultured without (*blue*) or with (*black*) IL22. Fractions of cells within the window are indicated. Data are representative of 3 separate analyses. Bar, 100 μm.\**P* \< .05.

Interleukin 22 Reduces Numbers of Lgr5^+^ Stem Cells In Vitro {#sec1.4}
-------------------------------------------------------------

To directly assess the effects of IL22 on survival of Lgr5^+^ stem cells, jejunal crypts were isolated from Lgr5-EGFP-IRES-CreER^T2^ mice. In the absence of IL22, most enteroids contained multiple enhanced green fluorescent protein (EGFP)^+^ stem cells ([Figure 4](#fig4){ref-type="fig"}*A*) despite the known mosaicism of expression in these mice. In contrast, few EGFP^+^ ISCs were detected in IL22-treated enteroids ([Figure 4](#fig4){ref-type="fig"}*A*). When analyzed by flow cytometry, there was a 5-fold reduction in the number of Lgr5-EGFP^+^ cells within these enteroids ([Figure 4](#fig4){ref-type="fig"}*B*).Figure 4**IL22 reduces Lgr5**^**+**^**ISC numbers and expression of active ISC markers in vitro.** (*A*) Jejunal enteroids from Lgr5-EGFP-IRES-CreER^T2^ mice were cultured in ENR without or with IL22 for 3 days (5 ng/mL, PeproTech) and stained with Hoechst 33342 (*blue*). Images are representative of more than 3 independent experiments. Bar, 200 μm. (*B*) Flow cytometric analyses of Lgr5-EGFP-IRES-CreER^T2^ enteroids cultured in ENR without (*left*) or with (*right*) IL22 (5 ng/mL, PeproTech) for 3 days. Fractions of Lgr5^+^ cells within the designated windows are shown. *P* \< .05. Data are representative of more than 3 independent experiments. (*C* and *D*) Quantitative RT-PCR analysis of relative mRNA expression in jejunal enteroids cultured in ENR without (*blue symbol*s) or with (*black symbols*) IL22 (5 ng/mL, PeproTech; n = 6--7 in the representative experiments shown). \**P* \< .05, \*\**P* \< .01.

Consistent with loss of active Lgr5^+^ stem cells, mRNA expression of *Lgr5* and the stem cell markers *Ascl2, Oflm4,* and *Sox9*[@bib27], [@bib28] was also significantly down-regulated in IL22-treated enteroids ([Figure 4](#fig4){ref-type="fig"}*C*). This reduction was limited to active ISCs, because reserve stem cell markers *Bmi1*, *Hopx*, *Tert*, and *Lrig1*[@bib2], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32] were not affected by IL22 treatment ([Figure 4](#fig4){ref-type="fig"}*D*). These data suggest that IL22 specifically depletes the Lgr5^+^, active stem cell pool.

Interleukin 22 Reduces Lgr5^+^ Stem Cell Numbers and Intestinal Stem Cell Proliferative Capacity In Vivo {#sec1.5}
--------------------------------------------------------------------------------------------------------

To determine whether IL22 limits ISC proliferation in vivo, crypts were isolated from mice that had been treated with IL22 (1 μg/day) for 7 days. Although IL22 was not included in the culture media, enteroid recovery from isolated crypts was markedly reduced by in vivo IL22 exposure ([Figure 5](#fig5){ref-type="fig"}*A* and *B*). Nevertheless, the area of the enteroids generated from IL22-treated mice was increased relative to those from saline-injected mice ([Figure 5](#fig5){ref-type="fig"}*C*). In vivo IL22 treatment therefore reduces ex vivo epithelial survival and proliferative capacity but promotes formation of larger enteroids. These data demonstrate that the changes induced by in vitro IL22 treatment also occur in vivo and are durable.Figure 5**IL22 reduces Lgr5**^**+**^**stem cell numbers in vivo.** (*A*) Mice were treated with IL22 (1 μg/day for 7 consecutive days). Tissues were collected on day 8. Isolated jejunal crypts were grown as enteroids in ENR medium without added IL22. Bright-field images after 2 days of culture are shown. Images are representative of 3 independent experiments. Bar, 100 μm. (*B* and *C*) Enteroid cross-sectional area (n = 8) and number (n = 8) were quantified. \**P* \< .05, \*\**P* \< .01. (*D*) Quantitative RT-PCR of relative mRNA expression in isolated jejunal epithelium. n = 3--7 in the representative experiment shown. \**P* \< .05. (*E* and *F*) Lgr5-EGFP (detected using anti-GFP) and Olfm4 immunostains of jejunal tissue sections from IL22- or saline-treated mice. Numbers of positive cells per well-oriented crypt are shown. Each point (n = 12) represents a separate field from a total of 5--7 mice per condition. Bar, 100 μm. Bar, 20 μm (*insets*). \*\**P* \< .01. (*G* and *H*) Lgr5-EGFP and Olfm4 immunostains of ileal tissue sections from IL22- or saline-treated mice. Numbers of positive cells per well-oriented crypt are shown. Each point (n = 12) represents a separate field from a total of 5--7 mice per condition. Bar, 100 μm. Bar, 20 μm (*insets*). \*\**P* \< .01.

To directly assess the active stem cell compartment in vivo, expression of *Lgr5*, *Olfm4*, and *Ascl2* was assessed in crypts isolated from saline- and IL22-treated mice. Similar to in vitro IL22 treatment, in vivo treatment reduced *Lgr5, Ascl2,* and *Oflm4* expression ([Figure 5](#fig5){ref-type="fig"}*D*). In vivo IL22 treatment also reduced numbers of Lgr5-EGFP--expressing ([Figure 5](#fig5){ref-type="fig"}*E*) and Olfm4-expressing ([Figure 5](#fig5){ref-type="fig"}*F*) cells within jejunal crypts. Similar changes occurred in ileal mucosae ([Figure 5](#fig5){ref-type="fig"}*G* and *H*). Overall, these data show that similar to in vitro treatment, IL22 reduces numbers and proliferative potential of active, Lgr5^+^ intestinal stem cells in vivo.

Interleukin 22 Stimulates Epithelial Proliferation In Vitro and In Vivo {#sec1.6}
-----------------------------------------------------------------------

Our observation that IL22 treatment reduces stem cell numbers conflicts with a previous report.[@bib20] To better understand this discrepancy, DNA synthesis was tracked as a marker of intestinal epithelial proliferation. Incorporation of the uridine analog 5-ethynyl-2′-deoxyuridine (EdU) was markedly increased by IL22 ([Figure 6](#fig6){ref-type="fig"}*A*, *P* \< .001). Despite reduced expression of Lgr5 ISC markers ([Figure 4](#fig4){ref-type="fig"}*C*), expression of the proliferative marker Ki67, the stem and transit-amplifying cell marker *Prom1*/CD133, the transit-amplifying cell marker *Zfp652*, and the immature enterocyte marker *Prss32* were all increased by IL22 treatment in vitro ([Figure 6](#fig6){ref-type="fig"}*B*). These observations suggest that IL22 expands the transit-amplifying cell compartment. Consistent with this, in vivo IL22 treatment significantly increased crypt depth and numbers of Ki67-positive epithelial cells per crypt within jejunum ([Figure 6](#fig6){ref-type="fig"}*C*) and ileum ([Figure 6](#fig6){ref-type="fig"}*D*). Another study performed contemporaneously with this work and reported in the previous issue of CMGH has also demonstrated reduced ileal epithelial proliferation, in vitro and in vivo, in response to IL22.[@bib21]Figure 6**IL22 increases epithelial proliferation in vitro and in vivo.** (*A*) Jejunal enteroids were cultured in ENR without or with IL22 (5 ng/mL, PeproTech) for 3 days and then pulsed with EdU (*red*) for 1 hour before fixation. Bar, 100 μm. Histograms of flow cytometry data from enteroids cultured without (*blue*) or with (*black*) IL22 are shown, along with the fraction of cells within the indicated window. Data are representative of 3 separate analyses. \*\**P* \< .01. (*B*) Relative mRNA expression of *Ki67* (proliferative marker), *Prom1* (stem- and transit-amplifying cell marker)*, Zfp652* (transit-amplifying cell marker), and *Prss32* (immature enterocyte marker) in jejunal enteroids cultured without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech; in ENR.) n = 5--6 in the representative experiment shown. \**P* \< .05, \*\**P* \< .01. (*C* and *D*) Jejunal (*C*) and ileal (*D*) sections from mice treated with saline or IL22 (as in [Figure 5](#fig5){ref-type="fig"}) were stained by hematoxylin-eosin or immunostained for Ki67. Representative complete cross sections (H&E) are shown along with higher magnification images and depth of well-oriented crypts (n = 12). Numbers of positive cells per crypt were assessed in Ki67 immunostains. Bars, 500 μm (upper images), 100 μm (higher magnification H&E and immunostain images). For all graphs, each point (n = 12) represents a separate field of view from a total of 5--7 mice per condition. Representative data are shown. \*\**P* \< .01. (*E*) Snap-frozen jejunum from IL22- or saline-treated mice was immunostained for CD3, F4/80, or myeloperoxidase (MPO) to assess infiltrates of lymphocytes, macrophages, and granulocytes, respectively. Relative mRNA expression of *Cd3, F4/80*, and *MPO* in jejunum isolated from saline- and IL22-treated mice is shown. n = 5--7. IL22 did not induce influx of any immune cell population. Bar, 50 μm.

Although the in vivo data correlate perfectly with the in vitro studies of isolated epithelial cells, we considered the possibility that in vivo IL22 treatment recruits local immune cells that alter intestinal epithelial signaling. However, we did not detect changes in T-cell, macrophage, or granulocyte, ie, neutrophil, numbers by either morphologic examination or quantitative reverse transcriptase polymerase chain reaction (RT-PCR) ([Figure 6](#fig6){ref-type="fig"}*E*).

Interleukin 22 Inhibits wnt Signaling {#sec1.7}
-------------------------------------

Wnt signaling is critical for ISC maintenance.[@bib2], [@bib27], [@bib33] We therefore asked whether IL22-induced ISC loss reflected suppression of wnt signaling. In vitro IL22 treatment did not affect transcription of *Wnt3* or wnt receptors *Lrp5* and *Lrp6* ([Figure 7](#fig7){ref-type="fig"}*A*). However, expression of the wnt antagonist *Dkk1* was increased by IL22, and expression of the *Fzd7* wnt receptor was reduced ([Figure 7](#fig7){ref-type="fig"}*B*). This appeared to be sufficient to inhibit wnt signaling, because expression of wnt target genes *Axin2*, *Cmyc*, and *Cd44* was also reduced after in vitro IL22 treatment ([Figure 7](#fig7){ref-type="fig"}*C*).[@bib21] In vivo IL22 treatment had similar effects on *Dkk1*, *Axin2*, and *Cmyc* expression ([Figure 7](#fig7){ref-type="fig"}*D*), confirming that the results are not an artifact of the in vitro culture system. Finally, in vivo IL22 treatment markedly reduced the number of beta-catenin positive epithelial nuclei within crypt and transit-amplifying regions, consistent with reduced wnt signaling ([Figure 7](#fig7){ref-type="fig"}*E* and *F*).Figure 7**IL22 inhibits wnt signaling in vitro and in vivo.** (*A--C*) Relative mRNA expression of *Wnt3, Lrp5, Lrp6, Dkk1, Dkk2, Fzd7*, *Axin2*, *C-myc*, and *Cd44* in jejunal enteroids cultured without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech) in ENR for 3 days. n = 6 in the representative experiments shown. \**P* \< .05; \*\**P* \< .01. (*D*) Quantitative RT-PCR of *Dkk1, Axin2*, and *Cmyc* mRNA expression in isolated jejunal epithelium. n = 3--7 in the representative experiment shown. \**P* \< .05. (*E*) Immunostains and quantitative analysis of beta-catenin labeling in small intestine from untreated or IL22-treated mice. n = 12 fields from 5 mice. Bar, 100 μm.

Exogenous wnt Is Unable to Overcome Interleukin 22--Induced Growth Suppression {#sec1.8}
------------------------------------------------------------------------------

The data above indicate that wnt signaling is reduced in IL22-treated enteroids grown in ENR media, ie, media without exogenous wnt. We considered the hypothesis that increased wnt activity driven by exogenous wnt could rescue enteroids from IL22-induced ISC loss. To test this idea, enteroids were cultured in wnt3a, R-spondin, noggin (WRN) media.[@bib34] As expected, this increased the size of enteroids and caused them to assume spheroid shapes, without crypt-like buds.[@bib3], [@bib34] In contrast to enteroids cultured in ENR, IL22 treatment markedly reduced spheroid size during culture in WRN ([Figure 8](#fig8){ref-type="fig"}*A* and *B*). These increases were similar at 1 ng/mL and 5 ng/mL IL22, but there was a dose-dependent effect of IL22 on enteroid/spheroid survival in WRN media ([Figure 8](#fig8){ref-type="fig"}*C*) that was similar to effects in ENR media. The reductions in enteroid size were not related to failure of claudin-2 up-regulation, because IL22 induced *Cldn2* transcription in spheroids grown in WRN media ([Figure 8](#fig8){ref-type="fig"}*D*). In contrast, IL22 reduced expression of the proliferative markers *Ki67* and *Pcna* ([Figure 8](#fig8){ref-type="fig"}*E* and *F*). Consistent with reduced proliferation, EdU incorporation was also markedly reduced by IL22 treatment of spheroids ([Figure 8](#fig8){ref-type="fig"}*G*). This reduced proliferation likely explains the smaller size of spheroids grown in WRN media and treated with IL22. These data indicate that IL22-induced up-regulation and down-regulation of *Dkk1* and *Fzd7*, respectively ([Figure 7](#fig7){ref-type="fig"}*B* and *D*), rather than insufficient wnt ligand, are responsible for the observed reductions in wnt signaling.Figure 8**IL22 effects on enteroid size and number are resistant to rescue by exogenous wnt.** (*A*) Jejunal enteroids were cultured in WRN without or with IL22 (1 or 5 ng/mL) for 4 days. Representative images are shown. Bar, 500 μm and 200 μm (*insets*). (*B* and *C*) Quantification of cross-sectional area (n = 20--30) and number (n = 3) of jejunal enteroids cultured in WRN with indicated concentrations of IL22. (*D*) *Cldn2* mRNA expression in enteroids (spheroids) cultured in WRN without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech). \**P* \< .05. (*E* and *F*) *Ki67* and *Pcna* expression was markedly reduced in IL22-treated spheroids. Data are representative of at least 3 independent experiments. \**P* \< .05, \*\**P* \< .01. (*G*) Jejunal enteroids were cultured in WNR without or with IL22 (5 ng/mL, PeproTech) for 3 days and then pulsed with EdU (*red*) for 1 hour before fixation. Bar, 25 μm.

Interleukin 22 Inhibits Notch Signaling and Skews Epithelial Cell Differentiation {#sec1.9}
---------------------------------------------------------------------------------

Notch is closely intertwined with wnt in regulating ISC maintenance and direction of ISC differentiation.[@bib35], [@bib36], [@bib37], [@bib38], [@bib39] Because of the disruption of wnt signaling induced by IL22, we asked whether notch effectors and signaling were perturbed by IL22. Transcription of notch ligands *Dll1* and *Jagged1*, but not *Dll4*, as well as the notch receptor *Notch1,* were all reduced in IL22-treated enteroids ([Figure 9](#fig9){ref-type="fig"}*A*). Similarly, mRNA expression of the notch target *Hes1* was attenuated by IL22 ([Figure 9](#fig9){ref-type="fig"}*A*). Similar results were obtained in vivo, where IL22 treatment reduced transcription of *Dll1*, *Jagged1*, *Notch1,* and *Hes1* ([Figure 9](#fig9){ref-type="fig"}*B*). Furthermore, immunohistochemistry and morphometric analyses documented reduced numbers of nuclei that were positively stained for the notch intracellular domain ([Figure 9](#fig9){ref-type="fig"}*C*). Further evidence of IL22-induced down-regulation of notch signaling in vitro and in vivo is provided by reduced transcription of mature enterocyte markers ([Figure 10](#fig10){ref-type="fig"}*A* and *B*). These data therefore indicate that in addition to inhibiting wnt signaling, IL22 disrupts notch signaling.Figure 9**IL22 inhibits notch signaling and disrupts enterocyte maturation in vitro and in vivo.** (*A*) Relative mRNA expression of notch pathway markers *Dll1, Dll4, Jagged-1, Notch1, and Hes1* in jejunal enteroids cultured in ENR without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech) for 3 days. n = 6 in the representative experiments shown. \**P* \< .05; \*\**P* \< .01. (*B*) Relative mRNA expression of notch pathway markers in jejunal epithelial cells isolated from untreated and IL22-treated mice. n = 3--7 in the representative experiment shown. \**P* \< .05. (*C*) Immunostains and quantitative analysis of notch intracellular domain (NICD) labeling in small intestine from untreated or IL22-treated mice. n = 12 fields from 5 mice. Bar, 50 μm.Figure 10**IL22 reduces enterocyte differentiation in vitro and in vivo.** (*A*) Relative mRNA expression of mature enterocyte markers *Vil1, Alpi, Slc5a, Apoa4,* and *Fabp1* in jejunal enteroids cultured in ENR without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech) for 3 days. n = 6 in the representative experiments shown. \**P* \< .05; ∗∗*P* \< .01. (*B*) Relative mRNA expression of mature enterocyte markers *Slc5a* and *Apoa4* in jejunal epithelial cells isolated from untreated and IL22-treated mice. n = 4--7 in the representative experiment shown. \**P* \< .05.

Inhibition of both notch and wnt signaling suggests that IL22 may increase goblet cell numbers.[@bib35] However, there were no changes in expression of transcripts for the goblet cell markers *Muc2*, *Spink4*, or *Atoh1* or numbers of MUC2-expressing cells in vitro ([Figure 11](#fig11){ref-type="fig"}*A*). Similarly, IL22 did not affect *Muc2* transcription or numbers of MUC2-expressing cells in vivo ([Figure 12](#fig12){ref-type="fig"}*A*).Figure 11**IL22 disrupts epithelial differentiation in vitro.** (*A*) Jejunal enteroids were cultured in ENR without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech) for 3 days. mRNA expression of goblet cell markers *Muc2, Spink4,* and *Atoh1* was not affected (n = 6). Enteroids were immunostained for Muc2 and nuclei (Hoechst). Muc2-positive cells per enteroid were counted (n = 8). Bar, 50 μm. Representative data are shown. (*B*) Jejunal enteroids were cultured in ENR without (*blue symbols*) or with IL22 (*black symbols*) (5 ng/mL, PeproTech) for 3 days. mRNA expression of Paneth cell markers *Lyz1, Mmp7,* and *Reg3b* was increased after IL22 treatment (n = 6). Enteroids were immunostained for lysosome (Lyz) and nuclei (Hoechst). Lysosome-positive cells per enteroid were counted (n = 8). Bar, 50 μm. Representative data are shown. \*\**P* \< .01. (*C*) Jejunal enteroids were cultured in ENR without or with IL22 for 3 days. mRNA expression of endocrine cell markers *ChgA, ChgB,* and *Neurog3* was decreased after IL22 treatment (n = 6). Enteroids were immunostained for chromogranin A (*ChgA*) and nuclei (Hoechst). Chromogranin A--positive cells per enteroid were counted (n = 8). Bar, 50 μm. Representative data are shown. \*\**P* \< .01.Figure 12**IL22 disrupts epithelial differentiation in vivo.** (*A*) Jejunal epithelial cells were isolated from untreated or IL22-treated mice. mRNA expression of goblet cell markers *Muc2* and *Atoh1* was not affected by IL22 treatment (n = 4--7). Jejunal and ileal tissues were immunostained for Muc2, and positive cells per crypt were counted (n = 12). Bar, 100 μm. Representative data are shown. (*B*) Jejunal epithelial cells were isolated from untreated or IL22-treated mice. mRNA expression of Paneth cell markers *Reg3b* and *Reg3g* was increased by IL22 treatment (n = 3--7). Jejunal and ileal tissues were immunostained for lysosome (Lyz), and positive cells per crypt were counted (n = 12). Bar, 50 μm. Representative data are shown. \**P* \< .05; \*\**P* \< .01. (*C*) Jejunal epithelial cells were isolated from untreated or IL22-treated mice. mRNA expression of endocrine cell markers *ChgA* and *Neurog3* was reduced by IL22 treatment (n = 4--7). Jejunal and ileal tissues were immunostained for chromogranin A (*ChgA*), and positive cells per crypt were counted (n = 12). Bar, 100 μm. Representative data are shown. \**P* \< .05; \*\**P* \< .01. (*D*) Jejunal tissue from untreated or IL22-treated mice was immunostained for phosphorylated EGFR. Numbers of positive cells per crypt were counted (n = 12). Bar, 50 μm. Representative data are shown. \*\**P* \< .01. (*E*) Jejunal tissue from untreated or IL22-treated mice were immunostained for phosphorylated ERK (pERK), and positive cells per crypt were counted (n = 12). Bar, 50 μm. Representative data are shown. \*\**P* \< .01.

IL22 increased transcription of Paneth cell markers *Lyz1*, *Mmp7*, *Reg3b*, and *Reg3g* and numbers of lysozyme-expressing cells in vitro ([Figure 11](#fig11){ref-type="fig"}*B*) and in vivo ([Figure 12](#fig12){ref-type="fig"}*B*). This increase in Paneth cell numbers could be consistent with reduced but continued wnt signaling along with more substantial notch inhibition.[@bib35], [@bib40]

One recent study suggests that simultaneous inhibition of wnt and notch signaling may promote enteroendocrine cell differentiation.[@bib41] However, IL22 treatment reduced expression of *ChgA*, *ChgB*, and *Neurog3* transcripts as well as numbers of chromogranin A--positive cells in vitro ([Figure 11](#fig11){ref-type="fig"}*C*) and in vivo ([Figure 12](#fig12){ref-type="fig"}*C*). This result was unexpected because wnt and notch signaling were both suppressed by IL22. However, it has been reported that simultaneous inhibition of wnt and notch along with blockade of epidermal growth factor receptor (EGFR) or mitogen-associated protein kinase (MAPK) signaling promotes enteroendocrine differentiation.[@bib41] We therefore asked whether, despite reducing wnt and notch signaling, IL22-induced augmentation of EGFR/MAPK signaling could explain reduced endocrine cell numbers. IL22 induced increases in EGFR and extracellular signal-regulated kinase (ERK), the MAPK downstream of EGFR, phosphorylation in vivo ([Figure 12](#fig12){ref-type="fig"}*D* and *E*). Notably, the epithelial cells with increased EGFR and ERK phosphorylation were within the zone where IL22-induced increases in proliferation and Ki67 expression were observed ([Figure 6](#fig6){ref-type="fig"}*C*). These data suggest that IL22-induced EGFR and ERK activation may be responsible for both increased transit-amplifying cell proliferation and reduced endocrine cell differentiation despite inhibition of wnt and notch signaling.

Discussion {#sec2}
==========

Intestinal inflammation can lead to mucosal injury and impaired epithelial regeneration, but it can also promote healing. These effects can be mediated by direct immune-epithelial cell interactions or by secretion of effector molecules, eg, cytokines and growth factors. We show here that one secreted molecule, IL22, promotes both injury and regeneration. This may explain the observation that, despite increased IL22 expression, mucosal regeneration and healing are impaired in Crohn's disease patients.[@bib14], [@bib42] These results may also explain the inconsistent effects of IL22 therapy in experimental colitis.[@bib10], [@bib11], [@bib15], [@bib42], [@bib43], [@bib44]

In the small intestinal crypt, Lgr5^+^ ISCs are the actively cycling crypt base columnar cells. In contrast to previous work,[@bib20] our data indicate that IL22 induces loss of Lgr5^+^ ISCs. Nevertheless, IL22 did increase epithelial proliferation, as indicated by increased numbers of EdU-positive cells in enteroids and expansion of the Ki-67 positive proliferative zone and crypt depth in vivo. These changes were accompanied by increased expression of transit-amplifying and immature enterocyte markers, ie, *Prom1/Cd133*, *Zfp652*, and *Prss32.*[@bib45] The loss of Lgr5^+^ stem cells along with increased overall proliferation could reflect disruption of the normal asymmetrical divisions that preserve Lgr5^+^ stem cells while generating transit-amplifying cells. For example, it is plausible to hypothesize that IL22 promotes division of Lgr5^+^ stem cells to produce two transit-amplifying cells.[@bib46] Zwarycz et al[@bib21] recently reached a similar conclusion. Alternatively, inhibition of notch signaling and down-regulation of *Dll1* may contribute to the loss of Lgr5^+^ cells, because Dll1-dependent notch signaling is required for intestinal stem cell homeostasis.[@bib47] Moreover, Dll1-expressing epithelial cells are able to convert into and replenish pools of Lgr5^+^ stem cells in vitro and in vivo.[@bib40], [@bib48] Although we did not follow recovery of mice after IL22 treatment, it is likely that this restoration of actively cycling stem cell pools occurred, either from Lgr5^--^ cells or from the relatively non-proliferative pool of Lgr5^+^ cells,[@bib48] after treatment ended.

A previous report noted that IL22 increased the size of small intestinal enteroids.[@bib20] This was interpreted as enteroid growth due to IL22-induced increases in epithelial proliferation. However, it is now recognized that IL22 up-regulates expression of the tight junction pore protein claudin-2, which forms paracellular channels that transport cations and water.[@bib13], [@bib22], [@bib23], [@bib49], [@bib50], [@bib51] We therefore considered the possibility that increased enteroid size was due to luminal expansion rather than epithelial growth. This hypothesis is supported by work showing that zebrafish deficient in claudin-15, which forms a paracellular cation channel, fail to develop a gut lumen because of insufficient luminal fluid accumulation.[@bib52] Furthermore, although three-dimensional epithelial cysts grown from high resistance MDCK I cells, which have relatively few claudin-based cation channels, were small, their size was markedly increased when claudin-15 was expressed. Similarly, we found that increased expression of claudin-2, which, like claudin-15, forms a paracellular cation channel, was required for IL22-induced increases in enteroid volume treatment. We therefore conclude that, like zebrafish and MDCK cells, increases in luminal volume of IL22-treated enteroids were due to flux across paracellular cation channels rather than epithelial proliferation. In contrast to enteroid enlargement, IL22 induced similar loss of wild-type, claudin-2 transgenic, and claudin-2 knockout enteroids. Thus, the effect of IL22 on stem cell loss is independent of claudin-2 expression.

Notch signaling guides the differentiation of progenitors into absorptive enterocytes in part by inhibiting secretory cell differentiation.[@bib37], [@bib39] Consistent with this, we found that IL22 prevented maturation of absorptive enterocytes, as indicated by reduced expression of mature enterocyte markers. Similar to our results, a recent study reported that IL33 decreased expression of both *Lgr5* and *Sucrase*, a marker of mature absorptive enterocytes, by inhibiting notch signaling*.*[@bib53] Although we did not detect increased numbers of goblet cells, notch inhibition has been reported to cause goblet cell hyperplasia.[@bib39], [@bib47], [@bib54] Our result is most readily explained by ongoing wnt signaling, because notch inhibition in the presence of active wnt signaling is known to drive Paneth cell differentiation.[@bib35], [@bib40] Consistent with this idea, Zwarycz et al[@bib21] also found increased *Lyz* expression, but, interestingly, no change in Paneth cell numbers, in IL22-treated ileal enteroids. Thus, together with retained expression of some wnt target genes, transit-amplifying compartment expansion, and enhanced epithelial proliferation, the skewing toward Paneth cells suggests that wnt signaling is reduced, but not abolished, by IL22. Finally, our data suggest that reduced endocrine cell differentiation may, in part, reflect activation of EGFR/MAPK signaling.

We conclude that IL22 promotes transit-amplifying cell proliferation but also reduces proliferative capacity and survival of Lgr5^+^ stem cells. This is mediated by alterations in signal transduction that also skew epithelial differentiation. In their studies of ileum and ileal enteroids, Zwarycz et al[@bib21] also found reduced wnt and notch signaling, but, surprisingly, identified somewhat different effects of IL22 on lineages. This is deserving of future study. Nevertheless, both studies demonstrate that, in the jejunum and ileum, IL22 links the immune system and epithelial function by multiple mechanisms, including expansion of the transit-amplifying compartment. These data further indicate that although IL22 may have potential as a therapeutic agent to promote mucosal healing, the timing of delivery relative to the disease process will likely require precise calibration.

Materials and Methods {#sec3}
=====================

Mice {#sec3.1}
----

C57BL/6 mice were purchased from the Jackson Laboratory or the Nanjing Biomedical Research Institute of Nanjing University. Lgr5-EGFP-IRES-CreER^T2^ mice[@bib55] were purchased from the Jackson Laboratory. Claudin-2 knockout and claudin-2 transgenic mice were generated as described previously[@bib13], [@bib56] and maintained on a C57BL/6 background. Mice were maintained in SPF facilities. All experiments were conducted in accordance with the guidelines of the Animal Care and Use Committees of Soochow University, University of Chicago, Brigham and Women's Hospital, and Boston Children's Hospital.

Stem Cell (Enteroid) Culture {#sec3.2}
----------------------------

Mouse jejunal and ileal crypts were cultured as described to generate enteroids.[@bib57] Specifically, ENR medium contained advanced Dulbecco modified Eagle medium/F12, 2 mmol/L Glutamax, 10 mmol/L HEPES, 100 U mL^−1^ penicillin/streptomycin, 1 mmol/L N-acetyl cysteine, 1:50 B27 supplement, 1:100 N2 supplement, 50 ng mL^−1^ EGF, 100 ng mL^−1^ noggin, and 10% R-spondin-1 conditioned medium. Enteroids were grown in Growth Factor Reduced Matrigel (Corning Inc, Corning, NY; 356231), with the medium changed every 2--3 days. Enteroids were passaged weekly on the basis of daily microscopic observation and assessment of luminal debris accumulation. In designated experiments, culture media was supplemented with wnt- and R-spondin-conditioned media.[@bib34]

Interleukin 22 Treatment {#sec3.3}
------------------------

Recombinant mouse IL22 was purchased from PeproTech (201-22), GenScript (Z03350 and Z02197), and R&D Systems (582-ML-010 and 582-ML-010/CF), as indicated. IL22 was reconstituted in phosphate-buffered saline (PBS), as described by each manufacturer. IL22 was added to culture media 1 day after plating isolated crypts or 1 day after passage of established enteroid cultures. Results were similar with both procedures. When IL22-treated enteroids were propagated, they were passaged after 4 days because of increased enteroid size. In these experiments, enteroids that were not treated with IL22 were also passaged at 4 days. To inhibit JAK/STAT3 signaling, JAK Inhibitor I (Merck Millipore, Burlington, MA; 420099) or STAT3 inhibitor Stattic (MedChemExpress, Monmouth Junction, NJ; HY-13818) was added to ENR medium. Images were collected by using an inverted microscope (Olympus IX-73, Tokyo, Japan or Leica DMI-LED, Wetzlar, Germany). Enteroids were identified and counted manually. Cross-sectional area was determined by using ImageJ as described.[@bib20]

Cell and RNA Isolation for Quantitative Reverse Transcriptase Polymerase Chain Reaction {#sec3.4}
---------------------------------------------------------------------------------------

For analysis of in vitro gene expression, jejunal or ileal enteroids were broken by pipetting in PBS and collected by centrifugation at 900*g* for 5 minutes. For analysis of in vitro gene expression, jejunal epithelial cells were separated from mesenchyme at 4°C by using Cell Recovery Solution (Corning; 354253), as described.[@bib58] Total RNA was isolated from enteroids or isolated intestinal epithelial cells by using the RNeasy Mini Kit (Qiagen, Hilden, Germany; 74106). RT-PCR was performed with an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA; 1708891). Quantitative RT-PCR was performed on a CFX96 (Bio-Rad) system using specific primers ([Table 1](#tbl1){ref-type="table"}). Raw data were analyzed by ΔCt using *Gapdh* for normalization. Expression changes were calculated by the ΔΔCt method.Table 1Quantitative RT-PCR Primer SequencesGeneForward primer (5′--3′)Reverse primer (5′--3′)*Alpi*GGCCATCTAGGACCGGAGATGTCCACGTTGTATGTCTTGG*Apoa4*CAACAGGCTGAAGGCTACGATCGATTTTTGCGGAGACCTTGG*Ascl2*CTACTCGTCGGAGGAAAGACTAGACAGCATGGGTAAG*Atoh1*GAGTGGGCTGAGGTAAAAGAGTGGTCGGTGCTATCCAGGAG*Axin2*GGACTGGGGAGCCTAAAGGTAAGGAGGGACTCCATCTACGC*Bmi1*ATCCCCACTTAATGTGTGTCCTCTTGCTGGTCTCCAAGTAACG*Cd3*ATGCGGTGGAACACTTTCTGGGCACGTCAACTCTACACTGGT*Cd44*CACCATTGCCTCAACTGTGCTTGTGGGCTCCTGAGTCTGA*ChgA*CCAAGGTGATGAAGTGCGTCGGTGTCGCAGGATAGAGAGGA*ChgB*GCTCAGCTCCAGTGGATAACACAGGGGTGATCGTTGGAACAC*Cldn2*GGCTGTTAGGCACATCCATTGGCACCAACATAGGAACTC*Cmyc*TTCATCTGCGATCCTGACGACCACTGAGGGGTCAATGCACTC*Dkk1*TGCATGAGGCACGCTATGTGGCGGCGTTGTGGTCATTAC*Dkk2*ACCCGCTGCAATAATGGAATCATGGTTGCGATCTCTATGCCG*Dll1*GCAGGACCTTCTTTCGCGTATAAGGGGAATCGGATGGGGTT*Dll4*TTCCAGGCAACCTTCTCCGAACTGCCGCTATTCTTGTCCC*F4/80*TGACTCACCTTGTGGTCCTAACTTCCCAGAATCCAGTCTTTCC*Fabp1*ATGAACTTCTCCGGCAAGTACCCTGACACCCCCTTGATGTCC*Fzd7*CGGGGCCTCAAGGAGAGAAGTCCCCTAAACCGAGCCAG*Gapdh*AGGTCGGTGTGAACGGATTTGGGGGTCGTTGATGGCAACA*Hes1*TCAACACGACACCGGACAAACATGCCGGGAGCTATCTTTCTT*Hopx*ACCACGCTGTGCCTCATCGCTTCTGACCGCCGCCACTCTG*Jagged1*CCTCGGGTCAGTTTGAGCTGCCTTGAGGCACACTTTGAAGTA*Ki67*ATCATTGACCGCTCCTTTAGGTGCTCGCCTTGATGGTTCCT*Lgr5*CCTACTCGAAGACTTACCCAGTGCATTGGGGTGAATGATAGCA*Lrig1*TTGAGGACTTGACGAATCTGCCTTGTTGTGCTGCAAAAAGAGAG*Lrp5*AAGGGTGCTGTGTACTGGACAGAAGAGAACCTTACGGGACG*Lrp6*TTGTTGCTTTATGCAAACAGACGGTTCGTTTAATGGCTTCTTCGC*Lyz1*GGAATGGATGGCTACCGTGGCATGCCACCCATGCTCGAAT*Mmp7*CTGCCACTGTCCCAGGAAGGGGAGAGTTTTCCAGTCATGG*Mpo*AGTTGTGCTGAGCTGTATGGACGGCTGCTTGAAGTAAAACAGG*Muc2*ATGCCCACCTCCTCAAAGACGTAGTTTCCGTTGGAACAGTGAA*Neurog 3*CCAAGAGCGAGTTGGCACTCGGGCCATAGAAGCTGTGG*Notch1*GATGGCCTCAATGGGTACAAGTCGTTGTTGTTGATGTCACAGT*Olfm4*GCCACTTTCCAATTTCACGAGCCTCTTCTCATACAC*Pcna*TTTGAGGCACGCCTGATCCGGAGACGTGAGACGAGTCCAT*Prom1*CTCCCATCAGTGGATAGAGAACTATACCCCCTTTTGACGAGGCT*Prss32*GCCTGCCATCCTATTTACCTTCAGTCCAAGTCAATGCTCCTCC*Reg3b*ACTCCCTGAAGAATATACCCTCCCGCTATTGAGCACAGATACGAG*Reg3g*ATGCTTCCCCGTATAACCATCAGGCCATATCTGCATCATACCAG*Rnf43*TCCGAAAGATCAGCAGAACAGAGGACTGCATTAGCTTCCCTTC*Slc5a*ATGCGGCTGACATCTCAGTCACCAAGGCGTTCCATTCAAAG*Sox9*GAGCCGGATCTGAAGAGGGAGCTTGACGTGTGGCTTGTTC*Tert*TCTACCGCACTTTGGTTGCCCAGCACGTTTCTCTCGTTGC*Vil1*TCAAAGGCTCTCTCAACATCACAGCAGTCACCATCGAAGAAGC*Wif1*GATCCAACTGTCAATGTCCCTTACACGGGAAACCAACTTGAAC*Wnt3*TGGAACTGTACCACCATAGATGACACACCAGCCGAGGCGATG*Zpf652*GGAGCTGGTTGAACCCTGTGAGGGCTTCCAGACTCCCTTTT

Enteroid Imaging and Staining {#sec3.5}
-----------------------------

Enteroids were plated on chamber slides (Labtek, Grand Rapids, MI). To assess cell proliferation within enteroids, EdU incorporation was assessed by using the Click-iT EdU Imaging Kit (Invitrogen, Carlsbad, CA; C10339). Enteroids were incubated with EdU for 1 hour before fixation with 1% freshly-prepared paraformaldehyde (PFA). To detect cell death, enteroids were stained with 3 μmol/L propidium iodide (Sigma, St Louis, MO; P4170) before fixation. Live cell imaging was used to detect caspase activation in cells incubated with CellEvent caspase-3/7 green detection reagent (Invitrogen; C10423).

For immunostaining, enteroids were grown on chamber slides, fixed with 1% PFA, washed with PBS, and blocked with 10% normal goat serum containing 50 mmol/L NH~4~Cl for 30 minutes. Enteroids were incubated with antibodies against lysozyme (Abcam, Cambridge, MA; ab36362, 1:50 dilution), MUC2 (Santa Cruz Biotechnology, Dallas, TX; sc-15334, 1:200 dilution), or chromogranin A (Abcam; ab15160, 1:200 dilution) for 2 hours at room temperature. Afterwards, enteroids were washed with PBS containing 1% normal goat serum and incubated with Alexa Fluor 594 conjugated secondary antibodies (Invitrogen) and Hoechst (Invitrogen; H3570) for 1 hour at room temperature. Images were collected by confocal microscopy (Leica; TCS SP8X).

Flow Cytometry {#sec3.6}
--------------

Enteroids incubated with EdU, propidium idodide, or caspase-3/7 green detection reagent were collected by centrifugation at 900*g* for 5 minutes, washed once with PBS, and incubated for 10 minutes with TrypLE (Thermo Fisher, Waltham, MA; 12605036) at 37°C. For EdU detection, cells were fixed and labeled using Click-iT (Invitrogen). Enteroids were separated into single cells by vigorous pipetting. Single cells were washed once with PBS, resuspended, and passed through a 70 μm filter (BD Falcon, Franklin Lakes, NJ). To analyze Lgr5-EGFP^+^ cells, enteroids were isolated from Lgr5-EGFP-IRES-CreER^T2^ mice and cultured in ENR without or with IL22. Flow cytometry was performed by using an Attune NxT acoustic focusing cytometer (Invitrogen). FlowJo software was used for data analysis.

Histology, Immunohistochemistry, and Immunofluorescence Staining {#sec3.7}
----------------------------------------------------------------

Formalin-fixed tissue sections were embedded in paraffin by standard methods. Sections (5 μm) were deparaffinized in xylene and rehydrated with graded ethanols, and antigen retrieval was performed by boiling in citrate buffer (pH 6) in a vegetable steamer for 20 minutes. Slides were then treated with 3% hydrogen peroxide for 5 minutes and washed with PBS before addition of primary antibodies against GFP (Sigma; G1544, 1:1000 dilution), Ki-67 (Cell Signaling Technology, Danvers, MA; 12202, 1:500 dilution), OLFM4 (Cell Signaling Technology; 39141, 1:400 dilution), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling Technology; 9101, 1:800 dilution), lysozyme (Abcam; ab108508, 1:4000 dilution), MUC2 (Santa Cruz Biotechnology; sc-15334), and chromogranin A (Abcam; ab15160), or for 18 hours at 4°C. Afterwards, the slides were washed with PBS, incubated with horseradish peroxidase--conjugated secondary antibodies for 1 hour, developed by using the DAB Peroxidase (HRP) Substrate Kit (Vector Laboratories, Burlingame, CA), and counterstained with hematoxylin.

Frozen sections of jejunum were fixed with 1% PFA, washed with PBS, and blocked with 10% normal goat serum containing 50 mmol/L NH~4~Cl for 30 minutes. Tissues were incubated with antibodies against CD3 (Abcam; ab16669, 1:100 dilution), F4/80 (eFluor 570 conjugated; eBiosciences, San Diego, CA; 41-4801-80, 1:200 dilution), or myeloperoxidase (Abcam; ab9535, 1:200 dilution) for 2 hours at room temperature. Tissues were then washed with PBS containing 1% normal goat serum and incubated with secondary antibodies and Hoechst (Life Technologies, Carlsbad, CA; H3570) for 1 hour at room temperature. Images were collected using confocal microscopy (Leica; TCS SP8X).

For morphometry, at least 2 fields containing well-oriented crypts-villus units were assessed for each mouse. The average number of positive cells in each field is shown as a single point in the graphs.

In Vivo Interleukin 22 Administration {#sec3.8}
-------------------------------------

C57BL/6 or Lgr5-EGFP-IRES-CreER^T2^ mice were injected intraperitoneally with IL22 (dissolved in saline 1 μg/mL, 1 μg/day) or vehicle for 7 consecutive days. Intestinal tissues were collected on day 8 and either used for isolation of crypts or epithelial cells, as above, or fixed in formalin for immunohistochemical analysis.

Statistical Analysis {#sec3.9}
--------------------

All data are representative of at least 3 independent experiments. Values are mean ± standard deviation. Two-tailed Student *t* test was used to compare 2 groups. One-way analysis of variance was used to compare 3 or more groups. Specific numbers of enteroids or mice are noted in each figure legend. \**P* \< .05 and \*\**P* \< .01 were considered significant.

**Author contributions** J.Z., J.R.T., and W.H. designed experiments, analyzed data, and prepared this manuscript. J.P., X.Z., K.C., and M.T. analyzed data and discussed the results. J.Z., H.L., Q.L., Z.J., P.T., W.K., N.D., J.W., S.X., Y.W., M.A.O., J.R.T., and W.H. performed experiments. A.T. and S.T. provided critical reagents. All authors reviewed and approved the submitted manuscript.

**Conflicts of interest** The authors disclose no conflicts.

**Funding** Funded by National Natural Science Foundation of China (81470804 and 31401229 to W.H.; 81200620 to J.Z.; 81570125 to J.P.), the Natural Science Foundation of Jiangsu Province (BK20140319 to W.H.), The Research Innovation Program for College Graduates of Jiangsu Province (KYLX16-0116 to H.L.; KYCX17-2033 to Z.J.), Advanced Research Projects of Soochow University (SDY2015B06 to J.Z.), Crohn's & Colitis Foundation Research Fellowship Award (310801 to W.H.), the National Institute of Diabetes and Digestive and Kidney Diseases (R01DK061931 and R01DK068271 to J.R.T. and F30DK103511 to M.A.O.), and the Harvard Digestive Disease Center (P30DK034854). This work was also supported by International Joint Research Center for Genomic Resources (2017B01012).

[^1]: Authors share co-first authorship.

[^2]: Authors share co-senior authorship.
